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The FOXO4 transcription factor plays an important role in cell survival in response to oxidative stress.
The regulation of FOXO4 is orchestrated by post-translational modiﬁcations including phosphoryla-
tion, acetylation, and ubiquitination. Here, we demonstrate that O-GlcNAcylation also contributes
to the FOXO4-dependent oxidative stress response. We show that hydrogen peroxide treatment of
HEK293 cells increases FOXO4 associationwith OGT, the enzyme that addsO-GlcNAc to proteins, caus-
ing FOXO4O-GlcNAcylation and enhanced transcriptional activity under acute oxidative stress.O-Glc-
NAcylation is known to be protective for cells under stress conditions, including oxidative stress. Our
data provide a mechanism of FOXO4 anti-oxidative protection through O-GlcNAcylation.
Structured summary:
MINT-7299700, MINT-7299716: Foxo4 (uniprotkb:Q9WVH3) physically interacts (MI:0915) with Ogt (uni-
protkb:P56558) by anti tag coimmunoprecipitation (MI:0007)
MINT-7299691: Ogt (uniprotkb:O15294) physically interacts (MI:0915) with Foxo4 (uniprotkb:P98177) by
anti bait coimmunoprecipitation (MI:0006)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
FOXO4, together with FOXO1, FOXO3 and FOXO6, belongs to a
subset of the Forkhead family of transcription factors [1]. Like
other Forkhead box O (FOXO) transcription factors, FOXO4 is able
to modulate the expression of genes involved in oxidative stress
dependent apoptosis, cell cycle arrest, DNA damage repair and
other cellular functions [2,3]. Essers et al. showed FOXO4 proteins
reduce oxidative stress by directly increasing mRNA and protein
levels of manganese superoxide dismutase (MnSOD) and catalase
[4]. Furthermore, FOXO4 can up-regulate the cyclin-dependent ki-
nase inhibitor gene, p27Kip1, causing cell cycle arrest, DNA repair,
and is thus tumor suppressive [5]. When ineffective DNA repair
or excessive damage ensues, cell death is triggered. Thus, FOXO4
may function as a switch between cell death and survival under
oxidative stress stimulation.
The FOXO4 transcription factor is regulated in cellular shuttling
and DNA binding of target genes by multiple mechanisms. Nor-
mally, AKT negatively regulates all FOXO protein activity by direct
phosphorylation, causing their nuclear exclusion [6]. However, oxi-chemical Societies. Published by E
Cell Biology, University of
. Fax: +1 205 934 4389.dative stress causes nuclear localization of FOXO4 through Mdm2-
dependent mono-ubiquitination [7] and resultant transcriptional
activation increase through JNK-mediated phosphorylation at res-
idues 471 and 451 [4]. Furthermore, the longevity protein, SIRT1,
deacetylates FOXO proteins and modulates their transcriptional
activity in response to stress stimuli [8,9]. Housley and others also
found that FOXO1 is O-GlcNAcylated in response to glucose
[10,11]. However, O-GlcNAcylation of FOXO4 under oxidative
stress has not been studied.
O-GlcNAcylation is an abundant and dynamic post-translational
modiﬁcation (PTM) on serine and threonine residues of nuclear
and cytoplasmic proteins. O-GlcNAc Transferase (OGT) and Nuclear
Cytoplasmic O-GlcNAcase and Acetyltransferase (NCOAT) catalyze
this process of adding and removing the O-GlcNAc groups, respec-
tively. O-GlcNAcylation plays a critical role in protein turnover, cell
cycle progression, transcription, stress response and other cellular
functions [12–14]. Zachara and others showed that a global in-
crease in protein O-GlcNAc levels is critical for cell survival in re-
sponse to oxidative stress and other stimuli [15,16]. However, a
mechanism explaining how O-GlcNAcylation contributes to the
oxidative stress response remains complicated.
The regulation of FOXO4 in response to oxidative stress in-
volves many PTMs that include, phosphorylation, acetylation andlsevier B.V. All rights reserved.
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and that this modiﬁcation is increased upon acute oxidative stress
treatment. Furthermore, O-GlcNAc modiﬁcation causes increased
transcriptional activity of FOXO4 in stress-related genes. Our work
provides another mechanism whereby FOXO4 contributes to the
anti-oxidative stress process, through the modulation of O-
GlcNAcylation.
2. Materials and methods
2.1. Cell culture, plasmids and transfection
HEK293 and HepG2 cells were maintained in Dulbecco’s Modi-
ﬁed Eagle medium (1 g/l glucose) (Cellgro), supplemented with
10% fetal bovine serum and penicillin/ streptomycin. Rat OGT
and mouse NCOAT were inserted into pEGFP-C1 (Clontech) as pre-
vious described [17]. Mouse FLAG-FOXO4 and myc-FOXO4 plas-
mids were gifts from Dr. Zhi-Ping Liu [18]. 6X daf-16 protein
binding element (DBE)-Luc [19] was a gift from Dr. Boudewijn Bur-
gering. The p27Kip1-DBE-Luc was a gift from Dr. Simon Lees [20].
Transient transfections were performed with Lipofectamine 2000
according to the manufacturer (Invitrogen).
2.2. Transcription activation assay
HEK293 cellswere transfectedwith the indicated constructs plus
10 ng TK-Renilla (Promega) used as a transfection efﬁciency control.
Cells were treated with 200 lM H2O2 for an hour and lysates were
measured by the Promega Dual Luciferase reporter assay.
2.3. Protein interaction analysis
Co-immunoprecipitation (co-IP) or IP assays were performed on
lysates from HEK293 cells transfected with EGFP-OGT and FLAG-
FOXO4 or HepG2 cells. Anti-FLAG M2 Afﬁnity Gel (Sigma) and
anti-OGT antibody were used in this Co-IP and IP assay. The immu-
noprecipitates were washed ﬁve times and separated by 10%
SDS–PAGE gel electrophoresis and blotted using anti-EGFP (Santa
Cruz), anti-FLAG-HRP, anti-O-GlcNAc (RL2, or CTD110.6, Covance),
anti-p(Ser193)-FOXO4 (Cell Signaling), anti-OGT (DM-17, Sigma),
anti-GAL4 (sc-577), anti-FOXO4 and anti-Nucleolin (Santa Cruz).
2.4. Western blot analysis
O-GlcNAcylated proteins were immunoprecipitated using
anti-O-GlcNAc antibody and then immunoblotted with anti-FLAG
(Sigma), anti-a-TUBULIN (Sigma), anti-FOXO4 (Santa Cruz), anti-
FOXO1 (Santa Cruz and Abcam), anti-FOXO3 (Santa Cruz and
Abcam) and anti-SIRT1 (Santa Cruz).
2.5. Immunoﬂuorescence
Mouse FLAG-FOXO4 was transfected into HEK293 cells and
maintained at normal growth medium for 24 h. Media were re-
freshed an hour before the administration of glucosamine and
LY294002 (OGT and AKT inhibitors). Cells were treated with
500 lM H2O2 for another hour then ﬁxed with 4% paraformalde-
hyde and stained with anti-FLAG-cy3 antibody and DAPI.
2.6. Statistical analysis
All experiments were performed at least three times. Data are
presented as mean ± S.E. and represent three independent experi-
ments. Student’s t-test was using for comparing group means,
and P values 60.05 were accepted as signiﬁcant.3. Results
3.1. Oxidative stress modulates FOXO4 protein and O-GlcNAc levels
We ﬁrst needed to determine if stress stimuli effected O-GlcNAc
modiﬁcation on FOXO proteins. The treatment of transiently trans-
fected Flag-tagged FOXO4 HEK293 cells with hydrogen peroxide
resulted in a dramatic increase in O-GlcNAc-modiﬁed FOXO4 levels
(Fig. 1A). Interestingly, H2O2 treatment of the HEK293 cells re-
duced total FOXO4 protein levels in the 10% extract. Similarly, heat
shock stress also produced a progressive increase in O-GlcNAcylat-
ed endogenous FOXO4 protein in HepG2 cells (Fig. 1B and C). Spec-
iﬁcity was conﬁrmed by free GlcNAc competition. Although FOXO1
has been reported to be O-GlcNAcylated in response to glucose
treatment [10,11], we did not detect O-GlcNAc-FOXO1 in heat-
stressed cells. The longevity protein, SIRT1, also remained un-
changed in O-GlcNAc and total protein levels (Fig. 1B). Not only
is FOXO4 O-GlcNAc-modiﬁed in HepG2 cells, but OGT is physically
associated with FOXO4 under heat stress (Fig. 1D).
3.2. OGT interacts and O-GlcNAcylates FOXO4 under oxidative stress
The acute oxidative stress-mediated O-GlcNAcylation of FOXO4
was accentuated with the association between FOXO4 and OGT,
demonstrated here in HEK 293 cells in a co-IP assay (Fig. 2). Hydro-
gen peroxide induced signiﬁcant binding of transfected EGFP-
tagged OGT protein with immunoprecipitated FLAG-tagged FOXO4
(Fig. 2A, panel 1). The O-GlcNAcylation of FOXO4 proteins was con-
ﬁrmed with O-GlcNAc antibody, using 1 M GlcNAc as an O-GlcNAc
speciﬁc competitor control (Fig. 2A, panels 4 and 5). Immunopre-
cipitation blots with OGT deletion constructs indicated that FOXO4
protein principally binds to the C-terminus of OGT (OGT a.a. 486–
944) (Fig. 2C).
It has been reported that O-GlcNAcylation may have a recipro-
cal role with phosphorylation [12]. AKT-mediated phosphorylation
of FOXO4 at Ser193 regulates its nuclear exclusion, thus negatively
regulating transcription of its target genes. Treatment with H2O2
resulted in an 80% elevation of O-GlcNAcylated FOXO4 (Fig. 2B),
with a corresponding 20% reduction in Ser193-speciﬁc phosphory-
lation. However, since the number of potential O-GlcNAc sites on
FOXO4 is unknown, reciprocity between phosphorylation and O-
GlcNAcylation cannot be directly compared. Our data have shown
that acute H2O2 induces OGT-FOXO4 association with O-GlcNAc
modiﬁcation of FOXO4, and oxidative stress also causes a reduction
of AKT-dependent phosphorylation of FOXO4 with increased nu-
clear FOXO4 protein [6]. We now consider if FOXO4 cellular local-
ization is O-GlcNAc-dependent.
3.3. Modulation of O-GlcNAcylation does not affect redistribution of
FOXO4 proteins
To investigate the effect of modulation of O-GlcNAcylation on
FOXO4 cellular localization, HEK293 cells transfected with FLAG-
tagged FOXO4 plasmid were treated with glucosamine and the
AKT inhibitor, LY294002, before H2O2 treatment. The increase in
total cellular protein-O-GlcNAc was conﬁrmed by Western blot
(data not shown). FOXO4, normally distributed throughout the
cytoplasm, was largely restricted to the nucleus upon H2O2 treat-
ment (Fig. 3, panel 1). Control cells treated with the AKT inhibitor,
LY294002, also showed FOXO4 conﬁned to the nucleus, inferring
that AKT activity is required to keep FOXO4 in the cytoplasm
(Fig. 3, panel 3). However, increased O-GlcNAcylation by glucosa-
mine treatment did not promote nuclear localization of FOXO4
(Fig. 3, panel 2). Consequently, changing total cellular levels of O-
GlcNAcylation does not appear to play a role in cellular distribution
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Fig. 1. O-GlcNAcylation of FOXO4 protein with H2O2. (A) Western blot of HEK293 cells transfected with FLAG-tagged FOXO4, 24 hours later treated with 500 lM H2O2 for
60 min. Cell lysates were immunoprecipitated with antibody (RL2), separated on SDS–PAGE, and immunoblotted with anti-FLAG or anti-FOXO4 antibodies. Total protein
levels of FOXO4 and tubulin control are shown with 10% input. (B) HepG2 cells stressed at 42 C for indicated times and lysates IP’d with anti-O-GlcNAc, and immunoblotted
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role of O-GlcNAcylation and FOXO4 transcriptional regulation.
3.4. OGT enhances FOXO4-dependent transcriptional activity
The effect of O-GlcNAcylation on FOXO4 transcriptional activity
was examined by reporter assays using FOXO-responsive promot-
ers [19]. When co-transfected with FOXO4, OGT dramatically
enhanced FOXO4 transcriptional activity on two different respon-
sive element reporters, 6XDBE-LUC (Fig. 4A) and p27-DBE-LUC
(Fig. 4C), and this was further increased with H2O2 treatment. This
is also in agreement with previous reports showing H2O2
treatment led to increased FOXO4 transactivation activity in
DBE-based luciferase assays [4,7]. OGT alone, or the JNK-mutant
FOXO4-T447/451/454A had insigniﬁcant transcriptional activity
(Fig. 4A and C). In contrast to OGT, the O-GlcNAcylase enzyme,
NCOAT, decreased FOXO4 transcriptional activity (Fig. 4B), empha-
sizing the relevance of the role of O-GlcNAcylation in FOXO4
transcription.
4. Discussion
Signaling pathways that decide the ‘‘survival vs die” fate of a
cell often depend on post-translational modiﬁcations of cellular
proteins. The response to oxidative stress involves members of
the Forkhead family of transcription factors and in particular,
FOXO4 can regulate anti-oxidant genes through phosphorylation,
acetylation, and ubiquitination [4,8,21,22]. Here we demonstrate
O-GlcNAcylation involvement in the oxidative stress response.
Hydrogen peroxide caused increased association between OGTand FOXO4 proteins leading to O-GlcNAcylation of FOXO4 with en-
hanced transcriptional activity. Speciﬁcally, OGT and O-GlcNAc,
promotes FOXO4-dependent transcriptional activity of p27Kip1,
causing cell cycle arrest [23], and enhanced cell survival (Fig. 4C).
Disruption of O-GlcNAcylation has also been shown to involve cell
cycle arrest [24]. Conversely, the decrease in FOXO4 transcriptional
activity by the O-GlcNAcase, (NCOAT, Fig. 4B) could lead to a relax-
ing of cell cycle regulation and favor tumor growth.
Many previous studies implicate the elevation of O-GlcNAc as
providing survival signals in response to various acute stress stim-
uli [15,25,26]. Speciﬁcally, O-GlcNAcylation of FOXO1 and FOXO3
proteins occur in response to nutrition and stress stimuli [10,11].
However, we did not detect O-GlcNAc modiﬁed FOXO1 (Fig. 1B)
and FOXO3 (data not shown) in HEK293 cells under heat stress
conditions. Housley et al. [10] showed there are at least ﬁve poten-
tial O-GlcNAcylation sites on FOXO1 protein. Interestingly, H2O2
caused relatively larger increases in O-GlcNAcylation than de-
creases in phosphorylation of FOXO4 (Ser193) (Fig. 2B), suggesting
multiple O-GlcNAc sites. However, since we (Fig. 3, panels 2 and 4),
and others [10] now show that O-GlcNAcylated FOXO proteins
does not inﬂuence their AKT-dependent cellular redistribution,
regulation of FOXO4 under oxidative stress may occur through
its direct association with OGT, the exact mechanism yet to be
determined.
In summary, our data describe a mechanism by which O-GlcNAc
provides cell survival signaling in response to acute oxidative
stress. OGT enhances FOXO4 transcriptional activity upon oxida-
tive stress, causing the up-regulation of FOXO4-dependent target
genes, such as cell cycle arrest and cell longevity genes, thereby
promoting oxidative resistance.
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